Recent work on animal models has revealed the important role played by the voltage-gated proton channel Hv1 during bacterial killing by innate immune cells. Studies from mice lacking Hv1 channels showed that Hv1 proton channels are required for high-level production of reactive oxygen species (ROS) by the NADPH oxidase of phagocytes (NOX2) in two ways. First, Hv1 channels maintain a physiological membrane potential during the respiratory burst of neutrophils by providing a compensating charge for the electrons transferred by NOX2 from NADPH to superoxide. Second, Hv1 channels maintain a physiological cytosolic pH by extruding the acid generated by the NOX2-dependent consumption of NADPH. The two mechanisms directly sustain the activity of the NOX2 enzyme and indirectly sustain other neutrophil functions by enhancing the driving force for the entry of calcium into cells, thereby boosting cellular calcium signals. The increased depolarization of Hv1-deficient neutrophils aborted calcium responses to chemoattractants and revealed adhesion and migration defects that were associated with an impaired depolymerization of the cortical actin cytoskeleton. Current research aims to transpose these findings to phagosomes, the phagocytic vacuoles where bacterial killing takes place. However, the mechanisms that control the phagosomal pH appear to vary greatly between phagocytes: phagosomes rapidly acidify in macrophages but remain neutral for several minutes in neutrophils following ingestion of solid particles, whereas in dendritic cells phagosomes alkalinize, a mechanism thought to promote antigen crosspresentation. In this review, we discuss how the knowledge gained on the role of Hv1 channels at the plasma membrane of neutrophils can be used to study the regulation of the phagosomal pH, ROS, membrane potential, and calcium fluxes in different phagocytic cells.
Phagocytes such as macrophages and neutrophils are innate immune cells specialized in efficient clearance of bacterial pathogens. They are equipped with a powerful enzyme, the NADPH oxidase, which generates superoxide and other downstream reactive oxygen species (ROS) that contribute to bacterial killing, a process known as the respiratory burst. This multi-subunit enzyme comprises two membrane components, gp91 phox /NOX2 and p22 phox , and three cytosolic components, p47 phox , p67
phox , and p40 phox that upon phosphorylation of the p47 phox subunit translocate to the plasma membrane together with Rac2, a low molecular weight guanosine triphosphate-binding protein that regulates oxidase activity (Bedard and Krause, 2007) . Defects in any one of the enzyme subunits cause chronic granulomatous disease (CGD), a genetic disease characterized by severe and recurrent bacterial infections that were fatal in childhood before the advent of antibiotics (Stasia and Li, 2008) . The oxidase is electrogenic (Henderson et al., 1987) as it translocates electrons across the plasma membrane in order to produce superoxide, and the electron currents can be measured with patch-clamp electrodes in cells with high plasma membrane oxidase activity, such as neutrophils and eosinophils (Schrenzel et al., 1998; DeCoursey et al., 2000) . Unless compensated, the extrusion of the negatively charged electron will depolarize the phagocyte plasma membrane to extremely high voltages, and values of +60 mV and of up to +180 mV have been reported in intact cells (Jankowski and Grinstein, 1999) and in excised patches, respectively Petheo and Demaurex, 2005) . These very positive voltages lead to self-inhibition of the voltage-dependent oxidase.
The activity of the oxidase was shown early on to require a compensating charge , which was immediately postulated to be provided by voltage-gated proton channels (Henderson et al., 1987) whose activity was then recorded electrically in phagocytes (Demaurex et al., 1993a,b; DeCoursey and Cherny, 1993 ). An alternative mechanism was postulated in 2004 by Tony Segal, who proposed that the large-conductance Ca 2+ -activated K + channel (BKCa) was responsible for charge compensation during respiratory burst and thus essential for innate immunity (Ahluwalia et al., 2004) . However, subsequent studies from BKCa-deficient mice refuted this finding and showed that the antibacterial activity of human granulocytes and mouse neutrophils requires proton channels but not BKCa channels (Femling et al., 2006; Essin et al., 2007) . The BKCa channel paper was eventually retracted (Retraction, 2010) and the cloning in 2006 of the HVCN1 gene coding for the Hv1 proton channel (Ramsey et al., 2006; Sasaki et al., 2006) enabled to test the role of Hv1 channels in antibacterial defense. Studies from mice lacking Hv1 proton channels (Ramsey et al., 2009; Morgan et al., 2009; El Chemaly et al., 2010) clearly established that Hv1 proton channels provide most of the charge compensation during the respiratory burst (see the Fig. 1 ).
Voltage-gated proton currents were first recorded in 1982 by Thomas and Meech in snail neurons (Thomas and Meech, 1982) , and subsequently described and characterized in several other cell types and species . Multiple functions were proposed for proton channels, but these remained speculative until the cloning of the Hv1 protein by two separate laboratories (Ramsey et al., 2006; Sasaki et al., 2006) and the generation of Hv1 knockout mice offered the possibility to test the physiological role of proton channels. Structure-function studies revealed that Hv1 channels are dimers that gate cooperatively (Gonzalez et al., 2010; Musset et al., 2010; Tombola et al., 2010) , with each monomer containing a separate conduction pathway and voltage sensor (Koch et al., 2008; Lee et al., 2008; Tombola et al., 2008) . Hv1 channels are perfectly selective for protons and are activated by depolarizing voltages and by intracellular acidification, a combination that ensures that the channels only open in conditions that favor proton extrusion from cells. Hv1 proton channels are inhibited by extracellular metal ions such as Zn 2+ , which shifts the activation curve to more positive potentials. Hv1 channels of phagocytes exhibit an enhanced gating mode upon cell activation with phorbol esters, an effect partly due to protein kinase C (PKC) dependent phosphorylation (Morgan et al., 2007) of a threonine residue on the N-terminus of the channel . Proton currents of activated phagocytes have larger amplitude, faster activation kinetics (s act ), a À40 mV lower threshold of voltage activation, and markedly slower inactivation kinetics (s tail ). The last two effects are the most obvious and require the presence of a functional oxidase, because neutrophils from CGD patients only display a À13 mV shift in activation threshold and nearly normal channel closing kinetics when stimulated with phorbol 12-myristate 13-acetate (PMA) (DeCoursey et al., 2000 (DeCoursey et al., , 2001 Banfi et al., 1999; Petheo et al., 2003) . Hv1 channels exogenously expressed in a B cell hybridoma cell line also display a À10 mV shift in activation threshold when phosphorylated, a response that requires threonine 29 ). Thus, channel phosphorylation mimics the response of CGD neutrophils but not the enhanced gating mode, which requires concomitant NADPH oxidase activity. Since the enhanced gating mode increases the activity of proton channels, this coupling ensures that proton channels are maximally activated during the respiratory burst. Recent studies from mice bearing a targeted disruption within the HVCN1 gene (Hv1 -/-) confirmed that Hv1 is the only proton channel expressed in phagocytes and invalidated definitively a longstanding hypothesis postulating that the oxidase is itself a proton channel (Henderson et al., 1987 Henderson and Meech, 2002; Banfi et al., 2000; DeCoursey et al., 2002; Maturana et al., 2002) . All attempts to record proton currents in Hv1-deficient phagocytes yielded absolutely flat traces, even after activation of cells with PMA (Ramsey et al., 2009; Morgan et al., 2009; El Chemaly et al., 2010; Okochi et al., 2009 ), a procedure that evoked electron currents of similar amplitude in Hv1 -/-and in wild-type (WT) into H 2 O 2 is catalyzed by the superoxide dismutase present in neutrophils. H 2 O 2 is later converted to HOCl in the presence of myeloperoxidase (MPO). BK Ca channels are not expressed on the phagosomal membrane of neutrophils and do not play a role in the oxidase charge compensation mechanism. The molecular identity of the store-operated calcium entry channel(s) is still unknown, but Orai and TRP channels are likely candidates. neutrophils El Chemaly et al., 2010) . From these measurements, one can safely conclude that the oxidase does not conduct protons, even in conditions that are permissive for electron transport. The normal electron current amplitude of Hv1 -/-neutrophils activated with PMA further proved that the electrical activity of the oxidase was not altered in Hv1-deficient cells. Despite the normal electron currents, all studies reported that Hv1 ablation dramatically reduced PMA-activated ROS production in mouse neutrophils (Ramsey et al., 2009; El Chemaly et al., 2010; Okochi et al., 2009) . These data indicate that Hv1 channels sustain oxidase activity and are required for optimal ROS production by intact (i.e. not voltage-clamped) phagocytes. Gramicidin, a bacterial pore permeable to protons, restored normal superoxide production in Hv1-deficient neutrophils , as did the protonophore CCCP in neutrophils treated with Zn 2+ , nicely confirming that proton fluxes sustain ROS production. Defective ROS production in mice lacking Hv1 proton channels is not restricted to phagocytes, but was also reported in B lymphocytes (Capasso et al., 2010) , the antibody-producing cells that are the effector component of the adaptive immune system. As in phagocytes, Hv1 channels sustain oxidase activity in B cells by providing charge compensation and provide protons to convert superoxide radicals into hydrogen peroxide (H 2 O 2 ). In B cells however, proton channels play a cell signaling role, because H 2 O 2 diffuses back across the B-cell membrane to oxidize and inactivate SHP-1, a protein tyrosine phosphatase that negatively regulates the signaling cascade initiated by the binding of antigens to the B cell receptor (Capasso et al., 2010) . By inhibiting the activity of SHP-1 and preventing it from dephosphorylating the protein tyrosine kinase Syk, Hv1 channels amplify BCR signaling, thereby boosting the expression of several genes involved in B cell proliferation, differentiation, and immunoglobulin production (Capasso et al., 2011) .
Hv1 channels can sustain the production of extracellular ROS in two ways: by providing a compensating charge for the electron that is extruded or by extruding the acid generated in the cytosol during the respiratory burst, thereby maintaining a physiological intracellular pH and providing extracellular protons to fuel the dismutation of superoxide into H 2 O 2 . Both mechanisms were proved beyond contention by the studies from Hv1 -/-mice. First, the cytosol of Hv1-deficient neutrophils was nearly one pH unit more acidic than the cytosol of WT neutrophils upon activation of the oxidase with PMA , and was 0.4 pH unit more acidic after ingestion of opsonised zymosan particles ). Second, Hv1-deficient neutrophils were significantly more depolarized than control cells , confirming that Hv1 channels provide most of the compensating charge required to balance the transport of electrons by the NADPH oxidase. Therefore, Hv1 channels prevent both the acidification and the depolarization generated by the activity of the NADPH oxidase. The oxidase is regulated by both voltage Demaurex and Petheo, 2005) and pH (Morgan et al., 2005) , and an increased depolarization of the cell membrane potential or a significant drop in pH values will both inhibit the activity of the enzyme. Therefore, it is difficult to establish whether the reduced ROS production observed in neutrophils lacking Hv1 channels is the consequence of the depolarization or of the acidification, because Hv1 ablation will cause both effects. The increased depolarization of the cell membrane potential has additional effect however, as it not only decreases ROS production by neutrophils but also reduces the driving force for the entry of cations into cells, thereby hindering calcium influx (Geiszt et al., 1997; Rada et al., 2005 -dependent mechanisms. This prediction was confirmed as Hv1-deficient neutrophils exhibited a defective depolymerisation of their cortical actin cytoskeleton that was associated with an impaired neutrophil adhesion and migration . Hv1-deficient neutrophils adhered more strongly to BSA-coated glass coverslips and failed to migrate efficiently when stimulated with chemoattractants. These distal effects of proton channel inhibition should be interpreted with caution because possible off-target effects of Hv1 ablation and of Zn 2+ inhibition have not been thoroughly investigated yet. Reassuringly, ionomycin, a calcium ionophore, restored and even increased the rate of migration of Hv1-deficient neutrophils, indicating that the migration defect is indeed related to the altered Ca 2+ signal.
Hv1-deficient neutrophils exhibited thicker actin rings around ingested particles , and such thick actin mesh might impair the docking of the NADPH oxidase subunits on the phagosomal membrane and further decrease ROS production in these intracellular compartments. The mechanism outlined above whereby Hv1 proton channels sustain the activity of the oxidase NOX2 was derived from measurements performed at the whole-cell level, by measuring ROS production from cells activated with phorbol esters or with solid particles (Ramsey et al., 2009; Morgan et al., 2009; El Chemaly et al., 2010) . In these conditions, it is impossible to tell whether the ROS are produced at the plasma membrane or in intracellular membranes. Electrophysiological recordings, on the other hand, exclusively measure the fluxes of protons and of electrons at the plasma membrane. Thus, our knowledge on the ionic fluxes that sustain the activity of the oxidase is essentially derived from measurements obtained at the plasma membrane, or that reflect the activity of membrane ion channels. In physiological conditions however, the oxidase does not only assemble at the plasma membrane but in intracellular organelles, and ROS are generated and bacteria killed and degraded within a membrane-enclosed intracellular compartment, the phagosome. Phagosomes play a critical role in bacterial killing by neutrophils and in antigen presentation by macrophages and dendritic cells. Whether the sequence of events described above also takes place in phagosomes is not known, but our knowledge of the phagosomal chemistry has greatly progressed over the last decade. Pioneering studies performed 30 years ago suggested that the respiratory burst of neutrophils is associated with a transient rise in phagosomal pH, followed by a subsequent acidification (Segal et al., 1981) . The initial alkalization was attributed to H + consumption during dismutation of superoxide into H 2 O 2 inside phagosomes. These measurements, however, were hampered by MPO-dependent chlorination of the pH-sensitive dye fluorescein (Hurst et al., 1984) , and subsequent studies failed to reveal the first alkalization phase (Jankowski et al., 2002) . Instead, a delayed acidification of the phagosome was observed in neutrophils expressing an activated oxidase, the phagosomal pH remaining initially near-neutral for several minutes (Jankowski et al., 2002) .The neutrality of neutrophil phagosomes contrasts with the profound acidification of macrophages phagosomes. Several studies consistently showed that the phagosomal pH of macrophages decreases rapidly and equilibrates around pH 5.0 in 30 min (Nyberg et al., 1989; Lukacs et al., 1990 Lukacs et al., , 1991 Sturgill-Koszycki et al., 1994; Rybicka et al., 2010) . To add to the variability, a phagosomal alkalization was reported in dendritic cells, the phagosomal pH reaching pH 7.6 within 1 hour of phagocytosis in these phagocytes (Savina et al., 2006) . Limited levels of proteolysis within the phago-lysosomal system are critical for efficient antigen presentation by dendritic cells, and the alkalinization was proposed to prevent excessive proteolysis and antigen degradation. The alkalinization was strictly dependent on the activity of NOX2, and NOX2-deficient cells that did not produce superoxide failed to alkalinize (Savina et al., 2006; Mantegazza et al., 2008) . Because the phagosomal alkalinization was linked to the ROS production, the alkalinization of dendritic cells phagosomes was attributed to the consumption of protons within phagosomes during the conversion of superoxide anions into hydrogen peroxide (Savina et al., 2006) . However, as discussed above, superoxide production by NOX2 requires the movement of counter-ions to compensate for the charge of the electrons. The phagosomal alkalinization reported by Savina et al. therefore implies that ions other than protons provide at least part of the compensating charge. Phagosomal pH and ROS recordings in DC cells from Hv1-deficient mice will reveal whether channels other than proton channels sustain superoxide production and control the phagosomal pH in this phagocytic cell type. The changes in phagosomal pH varies greatly between different phagocytes, with macrophages exhibiting a profound acidification, neutrophils remaining neutral for several minutes, and dendritic cells alkalinizing. The analysis of the determinants of phagosomal pH is a complex matter because several proton transporters such as V-ATPase, NHE-1 and Hv1 (which was not identified until 2006) can regulate the phagosomal pH at different times during the phagocytic process. The phagosomes of neutrophils eventually acidify, and as in macrophages the phagosomal acidification is required for the optimal activity of proteases and lysosomal hydrolases involved in pathogen killing and for phagosome maturation (Lee et al., 2003) . The delayed acidification of neutrophil phagosomes is linked to the activity of the NADPH oxidase on the phagosomal membrane, which is greater in neutrophils than in macrophages. Two mechanisms can account for the NOX2-dependent delayed acidification of neutrophils. If ion channels other than proton channels provide part of the compensating charge, the phagosomal pH of neutrophils will tend to alkalinize as the oxidase produces ROS, because of the net consumption of luminal H + during the transformation of superoxide into hydrogen peroxide. Additionally, phagosomal-localized ROS production was shown to impair the fusion of granules with phagosomes and to affect the insertion of V-ATPases, resulting in lower rates of H + pumping (Jankowski et al., 2002) . In neutrophils, secretory vesicles, primary and tertiary granules, but not secondary granules contain V-ATPases (Nanda et al., 1996) . Hv1 channels were found in secondary and specific granules, but not in primary (azurophilic) granules of neutrophils, a distribution that mirrors that of NOX2, and accumulated in phagosomes together with NOX2 (Petheo et al., 2010) . Whether Hv1 channels on phagosomes compensate the charge generated by the oxidase to sustain ROS production or contribute, in conjunction with the V-ATPase proton pump, to the regulation of the phagosomal pH remains to be determined. The availability of Hv1-deficient mice now enables to study the role of Hv1 in phagosomes. Okochi and colleagues showed that Hv1 channels are expressed on phagosomes, and that phagosomes from Hv1-deficient mice still contain all the oxidase subunits (Okochi et al., 2009 ). ROS production is expected to be severely impaired in this confined compartment by the lack of the compensating charge provided by Hv1 channels. When ROS production was measured in the cytosol, Hv1-deficient neutrophils isolated from bone marrow, peripheral blood, or the peritoneum exhibited a variable decerase in ROS production ranging from 30% to 75% inhibition (Ramsey et al., 2009; El Chemaly et al., 2010; Okochi et al., 2009 ). The membrane of nascent phagosomes displays similarities to the plasma membrane during early stages of phagosome formation. Later on and in order to acquire its microbicidal properties, the phagosome undergoes a maturation process after its fusion with endomembranes, vesicles and granules leading to changes in the composition of the phagosomal membrane and its lumen. It was thought that the V-ATPase was predominantly responsible for acidification of the phagosomes although at a rate and to an extent lower than seen in macrophages which have less oxidase activity. Neutrophils isolated from CGD patients showed a decrease in their phagosomal pH at rates comparable to macrophages (Segal et al., 1981; Hackam et al., 1997) . However the contribution of Hv1 channels in phagosomal pH regulation had not been considered.
Besides controlling phagosomal pH and ROS production, Hv1 channels lower the membrane potential and promote calcium influx in neutrophils . Such a mechanism might be critical for phagosomal maturation since the fusion of phagosomes with granules is a highly calcium-dependent process. Human neutrophils have been shown to express a plethora of receptor-mediated, store-operated, and non-store operated calcium channels (Nunes and Demaurex, 2010; Demaurex et al., 1994; Heiner et al., 2003) . TRPM2 channels, members of the transient receptor potential melastatin subfamily of ion channels, have been detected both on the plasma membrane (Perraud et al., 2001) and in lysosomes (Lange et al., 2009 ) of neutrophils and shown to enhance granule fusion and bactericidal activity (Hong et al., 2010) . TRPM2 channels can be activated by ROS (Perraud et al., 2005) and play a key role in aggravating inflammatory processes by increasing the sensitivity to cell death (Yamamoto et al., 2008; Hara et al., 2002) . Neutrophil-like HL-60 cells express TRPC1, TRPC3, TRPC6, and Orai 1 channels as well as STIM1, the ER Ca 2+ sensor that activates store-operated channels. STIM1 silencing reduces phagosomal ROS production in HL-60 cells (Brechard et al., 2008; Steinckwich et al., 2011) , and phagocytosis was severely reduced in peritoneal macrophages from STIM1 knock-out mice (Braun et al., 2009) . Whether store-operated Ca 2+ channels are recruited to the phagosomal membrane and can be activated by STIM1 following the calcium depletion of intracellular stores remains to be determined. Future studies will indicate whether Hv1 regulates the phagosomal membrane potential and whether its ablation impairs phagosomal calcium turnover and the fluxes of other ions. The identification of the ion channels responsible for the fluxes of potassium, chloride, and calcium across the phagosomal membrane will require a combination of genetic and cell biology approaches, since phagosomes are not amenable to electrophysiological recordings. Unraveling whether Hv1 channels sustain the production of ROS, contribute to the pH homeostasis, and maintain an optimal membrane potential in these different phagocytic cell types is important for our understanding of phagosomal ionic homeostasis, a parameter that defines the efficiency of bacterial killing and of antigen presentation by innate immune cells.
